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ABSTRACT 
The micro- and macrostructural changes occurring in multi-layered substrates during three-dimensional 
forming were studied by atomic force microscopy (AFM), scanning electron microscopy (SEM) and optical 
analyses. Particular attention was paid to heat-induced deformations at the interface between of polymeric 
coating layer and the paperboard. With excessive heat transfer, occasional delamination of polyethylene 
terephthalate (PET) coating from the paperboard was observed. The mechanism behind delamination was 
studied in detail in-situ with an AFM at temperatures relevant to the converting process. Based on the analysis, 
the delamination could partially be linked to the widening of the initially-existing nano-scale cracks at the 
coating-paperboard interface due to the high temperature, rigid and less adhesive PET crystallites close to the 
paperboard layer, and the emergence of fissures and tensile stresses in the coating. SEM images also revealed 
severe macro-scale delamination in the paperboard matrix after forming. However, the results were somewhat 
conflicting, since optical and machine vision analyses showed indisputably that both the visual quality and the 
dimensional accuracy of formed trays were better at the higher forming temperature.
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Fiber-based products present a recyclable, 
printable and environment-friendly alternative 
to plastic packages in several product segments, 
including both food and non-food applications, but 
challenges in material forming are more apparent 
than with polymeric substrates. Several authors 
have studied three-dimensional forming and the 
behavior of paperboard during forming processes 
[1-8]. The extensibility of fiber-based substrates 
is much smaller than that of polymer materials 
[1, 2], suggesting that their forming into three-
dimensional shapes is more difficult. Examples of 
such three-dimensional products are cups, plates 
and trays [1-3, 5]. Moreover, achieving a visually 
appealing appearance and a flat surface is much 
more challenging due to the wrinkling tendency of 
fiber-based materials, which is due to the material 
properties of paperboard [1, 2, 9]. In deep-drawing 
of paperboard materials, the wall of a three-dimen-
sional object experiences a z-directional compres-
sion early after it has been drawn into the cavity 
(Fig. 1), which is a cylindrical bush with a clearance 
less than the material thickness to the punch.
Quality analysis of formed objects with regard to 
visual appearance and dimensional accuracy has been 
carried out by e.g. [9, 11]. Both these studies present 
investigations of formed products with optical image 
analysis systems, and visual comparisons have also 
been made [5]. Formability results have also been 
compared with finite element analysis (FEA) [12, 
13]. In addition, the surface smoothness of formed 
objects can be determined with a 3D-profilometer 
[14]. Previous results show that a large number of 
wrinkles and a small distance between them is favor-
able for achieving visually appealing, evenly formed 
trays with the deep-drawing method [1, 9].
Recent advances in the deep-drawing of paper-
board materials include the utilization of a flexible 
servo-hydraulic press [15, 16], which makes it 
possible to control the forces in the blank holder. 
The blank holder force has been found to be a focal 
process parameter that also affects the quality of 
deep-drawn paperboard shapes [1] and it can be 
increased without harming the material if the coef-
ficient of friction between the forming cavity and 
the substrate is lower than that between the punch 
and the substrate [17]. The improvement is evident 
as a reduced wrinkle distance and increased unifor-
mity of the wrinkles. A more uniform and fine dis-
tribution of wrinkles also eliminates discoloration in 
the wrinkles and is therefore an established quality 
criterion for the visual quality of three-dimensional 
shapes. These shapes also provide the basic capabil-
ity for the products to achieve a gas-tight seal [18], 
as in the case of press-formed shapes [19]. However, 
the geometry and the height of the shapes that can 
give a gas-tight seal is strongly dependent on the 
formability of the paperboard.
Fig. 1: Schematic illustration of the process condi-
tions during deep drawing of paperboard [10].
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The significance of heat on the formability 
of paperboard in a three-dimensional converting 
process is known well [20, 21] and better form-
ability can be expected with a higher tool temper-
ature, but heat exposure may also lead to quality 
problems. The combined effect of temperature and 
moisture on the elongation of fiber-based materi-
als has been discussed by Kunnari et al. [22], who 
found that varying the moisture and/or temperature 
can increase the elongation by 2–2.5 percentage 
points. Heat has a major influence on the dimen-
sions and rigidity of press-formed paperboard 
trays, and it is generally beneficial to pursue a high 
heat input in the forming process [11]. Heating 
has also been reported to be the most important 
parameter influencing the shape accuracy of deep-
drawn paperboard objects [23]. Shape accuracy 
and the outer dimensions of formed products are 
critical factors, because too large a deviation in 
the dimensions can cause significant problems e.g. 
when the packages are heat-sealed [11]. Vishtal et 
al. [20] stated that the optimal temperature in deep 
drawing of paperboard would be 140–180 °C for 
the cavity and 60–100 °C for the die. However, 
optimal temperatures depend not only on the fiber 
material but also on the coating, which often sets 
limits to the temperature of the forming molds. 
Heat softens the plastic coating, which seals the 
creases in the corners of the tray [5, 24], and this 
affects the final rigidity of the tray and the flatness 
of the sealing surface [19]. Previous work, does not, 
however, do not describe the actual heat-related 
phenomena in the board material or its coating, 
although it is known that the thermo-mechanical 
history of polyethylene terephthalate (PET) affects 
its barrier properties [25]. Thermal exposure may 
also increase the crystallinity of polymeric materi-
als, resulting in improved barrier properties [26].
The objective of the present work was to gain 
a deeper understanding of the effect of heat on the 
material performance in a three-dimensional forming 
process. The formability and dimensional stability of 
the cylindrical trays were evaluated by optical mea-
surement techniques. The heat response of the sub-
strates was characterized by e.g. surface free energy 
determinations at temperatures relevant to the con-
verting processes and atomic force microscopy (AFM) 
that made it possible to observe changes caused by the 
temperature shift. The different delamination mecha-
nisms of polymeric coatings and bulk matrix (paper-
board) occurring during forming are discussed. This 
work is a continuation of our earlier paper [10], in 
which we discussed the relationship between mould 
clearance and the distribution of wrinkles using partly 
the same paperboards as in this study.
MATERIALS AND METHODS
Substrates and deep-drawing experiments
Seven conditioned (23 °C, RH 50%) commercial 
paperboards from different manufacturers were con-
verted into cylindrical trays using a pilot-scale deep 
drawing machine. The structure of the machine has 
been described in earlier publications [1, 27]. The con-
verting was carried out at two forming temperatures 
(100 °C and 180 °C) with a constant drawing velocity 
(25 mm/s) and a constant blank holding force (1500 N). 
The blank holding force was selected based on the dura-
bility of the weakest material (2 – pigmented), but e.g. 
material 1 - PE withstood a blank holding force of 10 
000 N without any defect, which indicates a significant 
difference between the materials. The physical proper-
ties of substrates are given in Table 1. Bulk was deter-
mined in accordance with ISO 534:2011. Tensile index 
(TI) and strain-at-break (SAB) values were measured 
in accordance with ISO 1924-3:2005.
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Heat-induced changes in paperboards
Surface energies of the samples were deter-
mined with an optical tensiometer (Attension Theta, 
Biolin Scientific AB), equipped with an electrically 
heated measurement chamber. The probe liquids 
were deionized water, ethylene glycol (VWR 
S.A.S. International, France) and 99% diiodometh-
ane (Alfa-Aesar GmbH & Co KG, Germany). All 
the paperboard samples were conditioned at 23 °C 
and 50% relative humidity before measurement.
The contact angles were determined at 25, 50, 
75, and 100 °C. The measurement chamber was 
heated to the required temperature and the tem-
perature of the sample was allowed to stabilize for 
five minutes. A drop of test liquid (3 µl of deion-
ised water, 3 µl of ethylene glycol or 1 µl of diiodo-
methane) was placed on the surface of the sample 
using an automatic dispenser. Contact angles 
were reported as average values of five indepen-
dent measurements. From each measurement, the 
contact angle value was taken from the point where 
contact angle had decreased by 5–10% from the 
initial contact angle. Surface energies were calcu-
lated using the Lewis acid-base approach.
Analysis of interaction of PET and 
paperboard on nanoscale at the cross-cut
Atomic force microscopy (AFM) investigations 
were carried out with a Multimode 8 (Bruker, USA) 
device on material 4 – PET. Additional data were 
acquired with a Nikon OMV-UNIV optical micro-
scope with video camera assembled into the AFM 
system, which allowed an optical magnification of 
200x. A thermal application controller TAC with 
heater/cooler module CLS200 (Watlow, USA) and 
digital readout was applied to heat the sample with a 
precision of 0.1 °C. All AFM investigations were done 
with appropriate sample/probe holders, mechanical/
thermal noise damping and specified AFM probes.
Five types of probes were utilized in this work: 
(1) Scanasyst-Air with a spring constant (k) of 0.4 
N/m, tip radius (r) approx. 5 nm, resonant frequency 
(f) of approx. 70 kHz for studies of topography and 
roughness; (2) PFTuna with k = 0.6 N/m, r ≈ 30 nm, 
f ≈ 70 kHz for measurements of surface electric 
potential; (3) NCHV with k approx. 40 N/m, r ≈ 15 
nm, f ≈ 320 kHz for thermal studies, and two types 
of probe were calibrated by the necessary protocol to 
make possible the measurement of Young’s modulus: 
(4) TAP525a with f = 447 kHz, deflection sensitiv-
ity 33 nm/V, quality factor Q 600, k = 133 N/m, r 
Table 1: Description of the commercial paperboard samples.
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= 20 nm (for quantitative elastic studies for materi-
als with a modulus of up to approx. 20 GPa) and (5) 
NCHV-A with f ≈ 370 kHz, k = 74 N/m and r ≈ 15 
nm (for studies up to approx. 4 GPa). A Quantita-
tive NanoMechanics (QNM) mode of AFM investi-
gation was utilized to evaluate the elastic parameters 
of the sample. Probes were calibrated in Nanoscope 
1.50 software firstly by an Absolute method requir-
ing estimation of the spring constant for probes with 
cantilevers stiffer than 1 N/m by the Sader method 
[28], and secondly by a relative method where 
standard calibrating test material, i.e. a flat polysty-
rene film, was measured and the calibration verified 
by the established tunings of elasticity.
AFM imaging was done in the PeakForce 
Tapping regime with a scan rate of 0.1 Hz and a reso-
lution of 512x192 pixels. Measurement settings used 
for the modes were: (1) PeakForce setpoint force PF 
1 nN, image size S 2x2 µm, amplitude PF_a 100 nm 
and frequency of oscillation PF_f 2 kHz for topogra-
phy and roughness; (2) PF 1 nN, S 10x10 µm, PF_a 
150 nm, PF_f 1 kHz and Lift height of the second 
pass above the surface 60 nm for surface potential; 
(3) PF 10 nN, S 20x20 µm for matching zones found 
in surface morphology after heat exposure, PF_a 150 
nm, PF_f 2 kHz for the thermal experiment; (4) PF 
60 nN, S 5x5 µm, PF_a 80 nm, PF_f 2 kHz for elastic 
measurements in QNM mode. A significant force of 
60 nN was necessary to establish the appropriate 
local pressure and depress the surface by 1 nm as 
prescribed for the QNM mode.
A cross-sectional cut of the sample 4 – PET 
was achieved with a broad-ion-beam (BIB) cutting 
machine to reveal the PET-paperboard interface. A 
special cross-sectional AFM sample holder SD-103 
(Veeco, USA) was utilized to fix the sample normal 
to the AFM cantilever, while paperboard was on the 
side of a plastic screw. The rate of temperature change 
in thermal experiments was 1°C/min for heating 
and either 3 °C/min or 1 °C/min for fast and slow 
cooling, respectively. Raw AFM data were processed 
in Nanoscope 1.50 software. Topography undergone 
corrections by 0th order profile flattening and by 1st 
order plane were fitted only where necessary and so 
as not to mislead the topography and its roughness. 
Results for elastic measurements, including a histo-
gram of Young’s modulus, were obtained after the 
profile flattening of the 0th order to collect significant 
statistical information from the larger studied area 
and for illustrative purposes. The differences between 
the peak positions for the separate phases remained 
unchanged after such processing. The position of the 
highest peak has been later aligned to the average 
value observed from the unprocessed data from the 
corresponding regions of the sample’s ambient PET 
matrix material. Equivalent values were observed on 
corresponding locations assumed to be PET inclu-
sions by two different types of probe (TAP525a and 
NCHV-A) and across these inclusions, so that values 
were later found to be repeatable.
In addition to the AFM imaging, micrographs 
were taken from selected materials with a scanning 
electron microscope (SEM) in order to examine 
macro-scale delamination.
Quality analysis of deep-drawn trays
The precise measurement of the location of 
wrinkles on the flange is necessary for an objective 
evaluation of the optical quality of a deep-drawn 
tray. A Toolscan® R360 (Laboratory Imaging s.r.o.) 
was utilized for image acquisition of the wrinkled 
area of the tray flange. The device was equipped 
with an Imaging Source DMK 51AU02 industrial 
camera and an IB/E TZ 16-0.5-100 telecentric lens. 
The system took high-resolution images of small 
parts of the flange and rotated the sample to cover 
the whole surface of the scanned object. Afterwards, 
the software stitched the images together, similar to 
a panorama image, to produce a continuous picture 
of the whole flange of the sample. A small region of 
an image of the flange is shown in Fig. 2.
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The wrinkles cannot be directly detected in the 
raw image in Fig. 2a. Different steps of image pro-
cessing are necessary to emphasize the wrinkles. In 
the first step, random dark spots, due to the uneven 
surface of the paperboard and noise in the image 
are reduced using a median filter. The median filter 
calculates a mean value of a defined region around 
each pixel and replaces the value of the center pixel 
with the mean value of the neighborhood. A Sobel 
edge detection filter is then used to produce images 
where the black-white transition in a wrinkle is 
enhanced. The resulting image can then be bina-
rized to produce a monochrome image based on 
a threshold value. Afterwards, the morphological 
image processing operations of opening, closing 
and dilation are applied to enlarge the white regions 
of the detected wrinkles. The result is shown in Fig. 
2b, and it makes possible to detect the white areas 
in Fig. 2b automatically. To achieve this, the picture 
is scanned vertically in several lines, the white 
regions are detected and each point of detection is 
automatically marked with a dot (Fig. 2c).
Shape determination with a machine-vision-
based system
The manufactured trays were analyzed with a 
machine-vision-based quality monitoring system. 
Each tray was photographed with a Cognex IS5605-
11 camera. Background light was used to enable 
accurate measurement of the dimensions. Images 
were taken 650 mm above the tray bottom to prevent 
image distortion. The camera takes black and white 
images with a resolution of 2456 x 2048. A single 
pixel is equivalent to an area of 0.017 mm x 0.017 
mm on the monitored surface.
The vision software recognizes patterns and 
automatically calculates the dimensions of the 
measured object. The precision of the monitoring 
method was tested by measuring the same sample 
ten times using slightly different orientations. 
The standard deviation of the measurements was 
approx. 0.05 mm. The outer and inner dimensions 
of the deep-drawn objects were measured, and the 
difference between the diameters was calculated to 
evaluate shape distortion. A more detailed descrip-
tion of the machine vision system has been pre-
sented by Tanninen et al. [11].
RESULTS AND DISCUSSION
Effect of ambient temperature on the surface 
free energy
The surface energies of uncoated, pigment-
coated, PET-coated and polyethylene (PE)-coated 
paperboards were determined on a temperature 
scale relevant to deep-drawing of fiber-based sub-
strates [20] to evaluate the effect of temperature on 
Fig. 2: Digital image editing and detection of wrinkles [9].
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the surface energy. With increasing temperature of 
the substrate, the surface energy of sample 1 - PE 
decreased while the surface energy of PET-coated 
paperboards increased. An increase in surface 
energy were also recorded with uncoated boards 
and the pigment-coated sample. The pigment-
coated sample responded to increased temperature 
more slowly than the other samples, the increase 
occurring at 75°C. The results are shown in Fig. 3.
PET and PE are semi-crystalline polymers. The 
degree of crystallinity of PET has been reported to 
be 30–35% depending on molecular weight and of 
PE 45–60% [29, 30]. The glass transition tempera-
ture (Tg) of PET has been reported to range from 67 
to 140°C depending on e.g. the degree of crystal-
linity [31]. A PET coating is also hydrophilic, and 
evaporation of free water from the coating layer due 
to heat might partially explain the observed increase 
in surface energy. Other possible explanations may 
include e.g. molecular reorientation due to e.g. 
thermal shrinkage and changes in crystallinity 
occurring in a heated environment [26]. The hydro-
phobic nature of the PE coating resulted in a lower 
surface energy than that of the PET coating. The 
lower surface energy of the PE-coated sample when 
the temperature was increased may be due to e.g. a 
change in the degree of crystallinity. The surface 
energy of the pigment-coated board was lower than 
that of the PET-coated samples. This was also seen 
at higher temperatures, and it was ascribed to a 
movement of synthetic latex binder due to heat [32].
Nano-scale delamination of the coating layer
A rare defect during the forming trials was the 
delamination of the extrusion-coated PET-layer 
from the paperboard (Fig. 4). This took place when 
the heat exposure was long (drawing velocity 2 
mm/s) and the tool temperature was 180°C, which 
Fig. 3: Surface energies of paperboard and coatings at different temperatures. 
Fig. 4: Examples of faultless cylindrical trays (left) and a broken tray with delaminated plastic coating.
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emphasizes the significance of optimizing the heat 
transfer to the material in the converting stage. It 
has been suggested that heating the paperboard sub-
strate before coating, e.g. by using flame corona, 
may promote the adhesion between the PET and 
the paperboard [33]. Other possibilities for obtain-
ing better adhesion between the extrusion coating 
and the paperboard include surface treatment with 
electric corona or plasma and the introduction of a 
copolymer that increases the adhesion strength [33]. 
The exact mechanism behind delamination of the 
coating layer in a forming process is not, however, 
completely understood, but it can be related to blis-
tering due to the rapid evaporation of water.
To gather more information about the mechanisms 
behind delamination, broad-ion-beam-cut cross-sec-
tions of PET-coated paperboard were imaged with an 
AFM at temperatures relevant to the converting process. 
The border between the polymer coating and the paper-
board was visible on a cross-sectional cut with an optical 
microscope (Fig. 5). The thickness of the PET layer was 
approx. 20 µm. At the same time, the thickness of the 
borderline between the PET and paperboard was approx. 
10 nm, as it was later registered by AFM.
Such an abrupt transition from paperboard to poly-
meric coating appears to be one of the factors affecting 
the adhesion between PET and paperboard. Compari-
son of the contact area before and after heating (Fig. 6) 
revealed a significantly more pronounced border between 
PET coating and a paperboard after heating. In addition, 
the angle between the materials increased approx. seven 
degrees and wavy lines became noticeable in the topog-
raphy of PET coating upon heating from 25°C to 95°C. 
These changes persisted when the sample was cooled 
back to 25°C. Wavy hills with a height of approximately 
30±10 nm resulted in a drastic increase in the local root-
mean-square (RMS) roughness from 11 nm to 53 nm 
(for 8x8 µm area, with a pixel size of 40x100 nm) after 
the first heating cycle followed by fast cooling. The 
arrays of extended nanohills were oriented imperfectly 
perpendicular to the border between the two materi-
als, indicating a significant difference in thermal expan-
sion. In addition, a RMS-specific change in brightness 
was observed in the PET layer with an optical micro-
scope during the thermal treatment, due to a reduction 
in reflectance of the PET surface as it became rougher. 
Such a change in brightness was partly recoverable, and 
was affected by the cooling rate.
Fig. 5: Optical microscope images of PET-paperboard interface at 25°C. PET is seen as white (A) before 
thermal treatment, but as dark (B) after two cycles of heating/cooling.
Fig. 6: AFM images of the PET-paperboard inter-
face at 25°C. The PET surface (locating left side of 
the images) was flat before thermal treatment (A) but 
the surface became covered with nanohills after first 
heating to 95°C (B).
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From a converting technology perspective, it 
is important to determine the temperature at which 
the nanocracking begins. AFM analysis revealed 
that existing fissures at the surface became wider 
already at 70°C. The width of the nanocrack on 
Fig. 6 increased from 2.4 µm to 2.6 µm upon first 
heating to 95°C. This change was irreversible, i.e. 
the width of the fracture retained the same after 
the sample was cooled back to 25°C. Additional 
fractures emerged in the coating layer close to the 
interface and remained in the PET after cooling. 
The growth and fixing of the fracture is visible 
in Fig. 7, where the same location was examined 
at 25°C, 70°C, 95°C and 25°C during the second 
heating series followed by slow cooling, i.e. a 
cooling rate of 1°C/min. These factors caused a 
disturbance of the initially flat surface of the PET 
on the examined cross-sectional cut. It seems 
remarkable that the roughness evaluated for the 
paperboard (6x6 µm area, with pixel size 40x100 
nm) increased from 10 nm to only 17 nm.
Considering such irreversible changes in the 
morphology of the sample, it can be suggested 
that heat exposure leads to the release of tensile 
stresses in the coating layer. Tensile stresses in 
close proximity to the PET-paperboard interface 
were ascribed to uneven thermal expansion, i.e. 
to an order of difference in the coefficients of 
thermal expansion for PET and paperboard [34, 
35]. Further insight into the changes in morphol-
ogy observed at the interface between PET and 
paperboard can be achieved by considering the 
difference in moisture content of the two materi-
als. PET is a hygroscopic material, but paperboard 
had an even higher moisture content in the room 
environment. When the sample was heated the 
water extensively evaporated through the surface 
and led to uneven changes in the volume of the two 
materials. PET is a semi-crystalline polymer, and 
crystallites can be seen with a microscope (Fig. 8). 
The coefficient of thermal expansion of the PET 
crystallites is not known, but the density of the 
crystalline phase is about 11% higher than that 
of the amorphous phase. The phase transition of 
the amorphous material occurs above 67°C, so the 
ratio of crystallite to amorphous phase can change 
substantially. Thus, all the mentioned factors 
extensively affected the tensile force inside the 
materials and at their interface, and such changes 
in morphology can be partly reversible.
Fig. 7: Top view 3D-AFM topography images of 20x20 µm area of PET-paperboard interface at different tem-
peratures in the second heating/cooling cycle: (a) 25°C; (b) 70°C; (c) 95°C and (d) 30°C. The circle shows the 
location at which a single fracture emerged.
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In order to prove the existence of PET crystal-
lites near the border between PET and paperboard, 
a quantitative investigation in the QNM mode was 
carried out. An AFM probe calibrated with an 
extraordinary spring constant of the cantilever was 
used to deform the surface of the cross-sectional cut 
near the interface. It was previously evident in the 
topography that the PET area continues the inclu-
sions (Fig. 6). They had a droplet-shape and were 
protruding approx. 6 nm above the flat surface of 
the BIB cut. It was also evident upon application of 
the stiff NCHV-A probes that only the cores of these 
droplet-shaped inclusions were rigid. The composi-
tion of the PET, the amount of inclusions and their 
higher rigidity suggests that these were PET crys-
tallites (Fig. 8). The diameter of these crystallites 
was 100–200 nm. They were less adhesive than 
the amorphous PET phase; the difference in local 
adhesion between the amorphous PET and the crys-
tallites was measured by the AFM probe to be 0.8 
nN. Young’s modulus of the PET crystallites was 
found to be 5.8±0.4 GPa. This value has not pre-
viously been reported and was acquired simultane-
ously with the elastic modulus of 3.0±0.3 GPa of 
PET and 4.7±0.7 GPa for paperboard.
Determination of the surface electric poten-
tial in two-pass Kelvin force microscopy led to the 
observation of a slightly positive electric poten-
tial on most of the PET crystallites; the excess 
was approximately 0.2 V (not shown here). Such 
an effect can be explained by space charges. Since 
the impact of the PET crystallites on stresses in the 
PET-paperboard interface has not been fully estab-
lished, a detailed further examination is required. 
Fig. 8: Illustration of mapping of elasticity for calibrated QNM mode measurement. (a) AFM topography of 
the PET-paperboard interface with droplet-shaped inclusion. (b) DMT channel of modulus calculated by the 
Derjaguin-Muller-Toporov (DMT) model of elastic contact. Inclusions have rigid round cores seen as bright 
spots on the left part of the image. The right part shows the paperboard. (c) Dimensional inset of 3D topogra-
phy in real axis scales overlaid by a color scheme from the elastic channel to highlight the rigid crystallites. The 
color bar shows the distribution of values on the elastic map. (d) Histogram of elasticity on a selected area of 
(c) showing the counts of exact values. The first peak is associated with amorphous PET, and the second peak is 
associated with PET crystallites
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Although, the decline in chemical attachment and 
mechanical stability of the PET-paperboard interface 
when heated has now been observed on a nanoscale by 
QNM mode. The emergence and enlargement of the 
fractures near the interface, which is caused mainly 
by uneven expansion, may result in a partial detach-
ment of the polymer material from the fibers and led 
to the observed abrupt edges of the fractures. All this 
leads to the suggestion that extensive heat transfer 
should be avoided in converting processes in order to 
minimize the risk of coating layer delamination.
Internal macro-scale delamination tendency
Cross-sectional scanning electron micro-
graphs of tray walls revealed substantial dif-
ferences in internal macro-scale delamination 
between the studied materials (Fig. 9). Delamina-
tion occurred between the two PE layers in material 
1, but the outer paperboard layer remained almost 
unchanged. The adhesion between PE and paper-
board was not affected by deep-drawing as in the 
case of material 4 – PET, in which severe delam-
ination took place beneath the coating layer and 
also in the bulk matrix. The PET coating did not, 
however, affect the degree of delamination in the 
bulk region, since the changes there were similar to 
those in the corresponding uncoated material. The 
pigment-coated board showed only minor delami-
nation in the internal region, which was ascribed to 
its lowest density (see Table 1 for details), but more 
intense delamination took place close to the coating 
layer. Material performance in deep-drawing seems 
thus to be affected by its specific volume, i.e. bulk; 
high bulk promotes good quality due to the small 
distance between the wrinkles (see Fig. 10) and 
it also reduces material delamination in the bulk 
region. The specific volume on the other hand does 
not necessarily affect the delamination tendency 
of the coating layer nor the depth or width of the 
wrinkles (cf. materials 2 and 4 – PET), both of 
which are affected by the thickness of the coating 
layer (cf. materials 1 – PE and 4 – PET).
Visual appearance of deep-drawn trays 
based on wrinkle analysis
The wrinkles extended lower in the flange area with 
plastic-coated materials with a forming temperature of 
100°C (Fig. 10). The distance between the wrinkles was 
between 0–20 mm in materials 1 – uncoated, 1 – PE and 
2 – pigmented, indicating a better visual quality, but the 
performance of materials 3 and 4 was poorer regardless 
of whether or not there was a PET coating. The results 
thus suggest that PET-coated materials require more 
intense heating, probably due to differences in material 
stiffness and thickness, and selecting a higher forming 
temperature is advisable. With a forming temperature 
of 180°C (Fig. 11), the wrinkles extended to almost the 
whole flange area, the distances between the wrinkles 
were overall smaller than at 100°C forming tempera-
ture, and clear peaks were noticed only in trays made 
from materials 1 – PE and 4 – PET. The better formabil-
ity of uncoated materials was expected, since the lack 
of a plastic layer increases the ability of internal AKD 
sizing to improve the material formability [36].
Fig. 9: Cross-sectional SEM-images of selected paperboards.
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Fig. 10: The distance between the wrinkles as a function of tray height. The forming temperature was 100°C 
and the drawing velocity was 25 mm/s.
Fig. 11: The distance between the wrinkles as a function of tray height. The forming temperature was 180°C 
and the drawing velocity was 25 mm/s.
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The distance between the wrinkles in trays 
made from material 2 – pigmented was short in all 
parts of the tray wall with a forming temperature of 
100°C. This was ascribed to a lower tensile strength 
and bending stiffness, both of which are indicators 
of better formability [36]. This material also had 
the highest specific volume, which is an indicator of 
a less compact structure that has been reported to 
result in considerably long wrinkles in deep-draw-
ing [36]. However, increased stickiness onto tools 
impaired the processability of material 2, which 
was ascribed to melting of the latex binder, and it 
was found to be extremely difficult to make parallel 
trays. This made it impossible to analyze material 
performance in a reliable manner and the distance 
between the wrinkles is not reported here.
The diagrams clearly show that the coating 
layer clearly influenced the wrinkling behavior 
and it can be interpreted that an extruded polymer 
coating contributes in two ways to the reduc-
tion of wrinkle distances. The bending stiffness 
increases to some extent so that the compensation 
for excess material shifts to a deformation between 
already initiated wrinkles rather than to the initia-
tion of a new wrinkle. The material displacement 
under the blank holder orthogonal to the wrinkles 
is also affected by the friction of the coating layer 
against the blank holder. Since pigment-coated 
material showed the shortest distance between the 
wrinkles at a forming temperature of 100°C, it can 
be assumed that the friction differed from the other 
substrates or that the coating became softer at a 
lower temperature than the other polymer coatings.
It should also be noted that the blank holding 
force used (1500 N) was relatively low, which may 
explain the poor performance of materials 3 and 
4 at 100°C [1] that withstood much greater blank 
holding forces (6500–9500 N). Although a higher 
forming temperature indisputably improved 
the shape accuracy of deep-drawn objects [9] 
and it was found that the deep-drawing process 
generally suits the studied substrates well, the 
results suggest that optimization of the param-
eters is required particularly with plastic-coated 
materials and it is obviously advisable to use a low 
forming temperature for pigment-coated boards.
Dimensions of deep-drawn trays
The difference between upper and lower diam-
eters (Δd) of the flange was greatly affected by the 
forming temperature (Table 2). Higher forming 
temperature decreased the Δd value of trays made 
from PE-coated paperboard by 9.1 mm, which can 
be considered to be a remarkable improvement in 
dimensional quality, and was ascribed to greater 
rigidity [11]. In addition, trays made from PET-
coated paperboards, material 3 – uncoated, and 
material 2 – pigmented showed smaller Δd values 
at a tool temperature of 180°C. The dimensions of 
trays made from material 4 – uncoated suffered 
from higher forming temperature, but the validity 
of this observation was questionable when the 
standard deviations were taken into consideration. 
The high distortion of the flange and the undesired 
oval shape of trays made from material 1 – uncoated 
made it impossible to determine the Δd values with 
this machine-vision-based technique, suggesting 
that the coating layer contributes to shape accuracy 
and dimensional stability. However, a further study 
is needed to clarify the role of material moisture 
content on material performance and tray dimen-
sions, since the mechanical properties of paper-
board are strongly affected by the moisture content 
[37] and the initial moisture content affects the 
stiffness of paperboard trays [38].
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CONCLUSIONS
This study was focused on heat-related phe-
nomena that occur when paperboard is formed into 
3D shapes that can be used as e.g. food packages. 
The effects of forming temperature on material 
processability and tray quality were twofold. The 
heat sensitivity of PE and pigment coatings made 
the materials stickier, which not only increased the 
prevalence of defects in the trays, but also increased 
the need to clean the forming tools. Moreover, the 
AFM analysis of cross-sections of PET-coated 
material revealed the formation of fissures at the 
PET-paperboard interface and the nano-scale 
delamination of the coating layer from the paper-
board. These phenomena occurred at relatively low 
temperatures and led to an observable deterioration 
in the attachment of the two materials. However, 
the defects occurred over a limited area and their 
influence on the overall performance of the coating 
was negligible, although the imaging provided 
plenty of novel scientific information on interfacial 
phenomena at high temperatures. A more severe 
delamination occurred in the bulk matrix, probably 
due to mechanical forming forces.
Wrinkle analysis clearly showed a better form-
ability and more accurate tray dimensions at the 
higher forming tool temperature. A higher forming 
temperature seems particularly advisable for plastic-
coated substrates. The wrinkles were much shorter 
with PET-coated paperboards than for the same mate-
rials without a coating at a tool temperature of 100°C. 
Increasing the forming temperature to 180°C elimi-
nated the difference between uncoated and plastic-
coated samples, but this is definitely not suitable for 
pigment-coated substrates, which showed good visual 
quality after forming at the lower temperature. In 
addition, multilayer structures can be problematic, 
since the trays can be distorted. This suggests that the 
layer structure should be as simple as possible.
The heat responses of the different types of paper-
board materials described in this study can provide 
answers to questions of material selection and process 
optimization, particularly if the results are combined 
with mechanical analyses such as friction measure-
ments at temperatures relevant to the converting 
process. All of the aforementioned are interesting 
topics for further research. The results also emphasize 
the importance of having sufficient adhesion between 
the different layers of multi-layered composite materi-
als in order to avoid delamination problems.
Table 2: Δd values and their standard deviation and difference for cylindrical trays. The Δd1 value is the differ-
ence between the upper and lower diameters of trays formed at a tool temperature of 100°C, and Δd2 with a tool 
temperature of 180°C.
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